Background and purpose The difference in the relationship between the size of intracranial aneurysms (IAs) and their risk of rupture in patients with singe IAs versus those with multiple IAs is unclear. We sought to retrospectively analyze the size of ruptured IAs (RIAs) in patients with single and multiple IAs in order to study this relationship further. Methods We retrospectively measured the size and location of RIAs in all patients who presented to our institute with an acute subarachnoid hemorrhage between 1 January 2005 and 31 December 2010. The IAs were classified by size into very small IAs or VSAs (≤3 mm), small IAs or SAs (>3 mm but ≤7 mm) and others (>7 mm). Results 379 patients (281 with a single IA, Group 1 and 98 with multiple IAs, Group 2) with 419 treated RIAs were included in the study. VSAs and SAs constituted the majority of RIAs in both groups (33.5% and 45.2% in Group 1 and 24.6% and 50.7% in Group 2) and the mean size of the RIAs was not different between the two groups. VSAs constituted almost two-thirds of all RIAs in certain locations whereas IAs > 7 mm in size did not constitute more than a third of the RIAs at any of the arterial locations. Conclusions The high incidence of VSAs, particularly in certain locations in both patient subgroups, suggests that current diagnostic, prognostic and therapeutic options in the management of IAs should be more tailored towards the management of these difficult-totreat lesions.
INTRODUCTION
Subarachnoid hemorrhage (SAH) from ruptured intracranial arterial aneurysms is a devastating condition. 1 Various attempts have been made to identify risk factors for aneurysmal rupture, of which the size of the aneurysm remains the most widely studied. However, the relationship between the size of intracranial arterial aneurysms and their risk of rupture remains controversial. Although the data from the prospectively designed International Study of Unruptured Intracranial Aneurysms (ISUIA) trial 2 suggested that aneurysms which measure <7 mm in size have a very low risk of rupture, a number of large case series have since been published which show that the majority of ruptured intracranial aneurysms are <10 mm in size. [3] [4] [5] [6] We report the size and distribution of ruptured intracranial arterial aneurysms in a consecutive series of 379 patients with single and multiple aneurysms evaluated by digital subtraction angiography (DSA) at our hospital following presentation with acute SAH during a 5-year period from January 2005 to December 2010.
MATERIALS AND METHODS
We retrospectively reviewed our prospectively maintained database of DSA studies on patients who presented to our institution between 2005 and 2010 with SAH for the size and distribution of ruptured saccular aneurysms. This included patients who presented with an acute SAH on non-contrast head CT as well as patients who presented with a sudden severe headache and cerebrospinal fluid xanthochromia. These patients had been evaluated with an initial DSA of the intracranial vessels (which is the standard of care at our institution except in a very small number of patients who are extremely unstable). If the initial DSA study was negative, the patients were subjected to a repeat DSA study approximately 1 week later. When the initial or repeat DSA studies identified an intracranial aneurysm(s), the patients underwent endovascular neurosurgical management or surgical clipping of the aneurysms. Endovascular neurosurgical management consisted of coil embolization of aneurysms or, very rarely, placement of intraarterial stents (for small blister aneurysms). Aneurysm clipping was carried out with open craniotomy, direct visualization of the aneurysm and application of one or more clips at the neck of the aneurysm.
The mode of management in each patient was decided by a group of experienced neurosurgeons and endovascular surgical neuroradiologists. In patients in whom only a single aneurysm was identified, the management decision was based on location and size of the aneurysm, anatomy of the parent artery, age of the patient, severity of clinical presentation and the presence of comorbidities. In patients with multiple aneurysms, if it was possible to identify the ruptured aneurysm based on the Editor's choice Scan to access more free content blood distribution on the CT scans or aneurysm morphology (irregularity of surface or small apical blister on DSA), only this aneurysm was treated with clipping or coiling. In other patients with multiple aneurysms in whom it was difficult to pinpoint the ruptured aneurysm due to either diffuse SAH or close anatomical proximity of aneurysms, even when the pattern of bleeding was not diffuse, more than one aneurysm was treated.
In some of these patients with multiple aneurysms, both aneurysmal clipping and endovascular treatment were necessary for the optimal management of the different aneurysms. All patients then had a cerebral angiogram at the end of the treatment to document the results of the treatment. Patients treated by an endovascular approach had diagnostic sequences performed at the end of treatment, while patients treated by a surgical approach underwent an intraoperative angiogram. The size of the treated aneurysms was determined from the maximal dimensions of the aneurysm measured on the initial DSA study. The measurements were performed on twodimensional images obtained on Siemens Axiom Artis equipment using 'quantitative autocalibration' and electronic calipers, measuring the maximum diameter based on at least four projections. Untreated aneurysms in patients with multiple aneurysms were also measured in a similar fashion. The aneurysms were classified into those ≤7 mm and those >7 mm in size; this classification was performed keeping in mind the International Study of Unruptured Intracranial Aneurysms (ISUIA) data. Aneurysms measuring ≤7 mm were then further subclassified as very small aneurysms (VSAs) (≤3 mm) and small aneurysms (SAs) (>3 mm but ≤7 mm).
RESULTS

Patient subgroups and modalities of treatment
A total of 379 consecutive patients (284 women, 75.1%) aged 51.1±13.1 years were identified as having undergone emergency endovascular neurosurgical management or aneurysmal clipping for ruptured saccular intracranial aneurysms between 1 January 2005 and 31 December 2010 at our institution. Only one aneurysm was found on DSA studies in 281 of the 379 patients (Group 1). Of these 281 aneurysms, 173 (61.6%) were coiled and 108 (38.4%) were surgically clipped. The remaining 98 patients had multiple aneurysms (Group 2) and a total of 261 aneurysms were found in this group (approximately 2.66 aneurysms per patient). In 34 of these 98 patients (35%), more than one aneurysm had to be treated in an emergency manner resulting in treatment of 138 (53.1%) of the total 261 aneurysms. Of these 138 aneurysms, 78 (55.6%) were treated by coiling, 55 were clipped (40.6%) and 5 (3.8%) were treated with endovascular stent placement in the parent vessel.
Aneurysm characteristics
Overall, a total of 419 aneurysms with a mean size of 5.7 ±3.8 mm were treated in the 379 patients included in the study. Most of the treated aneurysms (77.6%) measured ≤7 mm in size; of these, 30.6% were VSAs and 47.0% was SAs (table 1 and figure 1).
In Group 1 patients the mean size of the ruptured aneurysms was 5.8±4.0 mm whereas, in Group 2 patients, the mean size of the treated aneurysms was 5.9±3.4 mm. There was no significant difference in the size of the ruptured aneurysm between these two groups. Aneurysms >7 mm did not constitute more than one-third of all ruptured aneurysms at any given location. Furthermore, in some locations such as the pericallosal artery and posterior inferior cerebellar artery (PICA), VSAs constituted almost two-thirds of all ruptured aneurysms (table 2, figure 2A,B) .
In Group 2 patients the treated ( presumed ruptured) aneurysms were in general larger than the untreated (presumed unruptured) aneurysms, which had a mean size of 2.9±2.0 mm (p<0.001), and this was found to be true at all vascular beds (figure 3). However, despite this trend, we found that in 9 of the 98 patients in Group 2 (9.2%) the presumed ruptured aneurysm (which was treated) was not the largest aneurysm.
The most common location for a ruptured aneurysm in the entire patient population was the anterior communicating artery (29.8%), followed by the posterior communicating artery (18.2%), the internal carotid artery (which includes ophthalmic, anterior choroidal, superior hypophyseal, terminal internal carotid artery and other intradural paraclinoid aneurysms (16.9%)), the middle cerebral artery (12.1%), basilar artery (7.5%), pericallosal arteries (5.6%) and the PICAs (4.6%) (table 3 and figure 4) . The average size of the ruptured aneurysms at each site is shown in table 3 and figure 5 .
DISCUSSION
This retrospective analysis shows that almost one-third of ruptured aneurysms are VSAs measuring <3 mm. This finding has prognostic, diagnostic and management implications. With regard to prognosis, it is important to state that similar findings have also been reported by others [3] [4] [5] [6] who found that most ruptured aneurysms are <7 mm although they did not specifically address the incidence of VSAs. It is also important to reconcile these findings with those from prospective follow-up studies of unruptured intracranial arterial aneurysms 2 7 which showed that aneurysms <7 mm ( particularly in the anterior circulation) have a very low annual incidence of rupture. Some have argued that this discrepancy between retrospective studies of ruptured aneurysms and prospective studies of unruptured aneurysms probably reflects the fact that aneurysms decrease in size Figure 1 Relative incidence of ruptured (treated) very small aneurysms, small aneurysms and other aneurysms in patients with single aneurysms, patients with multiple aneurysms and in all patients.
following a rupture. 8 9 However, the few reports on aneurysms during the perirupture period show that aneurysms may increase in size immediately prior to a rupture. 7 10 It is therefore more likely that this apparent contradiction reflects the presence of distinct subsets of intracranial aneurysms as suggested by others 9 11 12 -that is, a smaller subset of intracranial aneurysms that grow rapidly and rupture at a smaller size (subset 1) and a larger subset of asymptomatic aneurysms that were included in the prospective trials such as the ISUIA or SUAVe which are at a low risk of rupture (subset 2).
Our study suggests that the overall size threshold for aneurysm rupture in aneurysms belonging to subset 1 is likely to be far less than 7 mm. Our study also suggests that this threshold is likely to vary by site, as can be seen from the considerable variation in the relative incidence of SAs and VSAs at each location. Interestingly, the variation in this threshold by location seems to differ from the variation in risk for the rupture of aneurysms by location, which was reported by the ISUIA study. This difference between the populations of ruptured and unruptured aneurysms can also be taken to be an indicator for the existence of distinct subsets of intracranial arterial aneurysms (ie, subsets 1 and 2 described above). Thus, our findings suggest that data arrived at from the ISUIA study alone cannot be applied to prognosticate on the likely outcome in patients with incidentally discovered aneurysms, given that it is currently impossible to distinguish between aneurysms belonging to subset 1 and those belonging to subset 2 based on size and location alone. Factors such as prior SAH, female sex, history of smoking, hypertension and a family history of SAH [13] [14] [15] [16] [17] [18] must also be considered when providers attempt to offer patients with prognostic information.
With regard to the diagnostic investigation of patients with SAH, our finding that VSAs constitute almost one-third (30.5%) of all the ruptured aneurysms studied suggests that an initial diagnostic study with very high accuracy for even VSAs needs to be used. Although this role was traditionally performed by DSA studies, in recent years CT angiography (CTA) has emerged as an alternative to the traditional DSA technique for this purpose and several retrospective series have been published which claim that CTA has a high degree of accuracy and should be used as the initial screening study in patients with SAH. [19] [20] [21] [22] However, even 64-slice CTA may have a poor sensitivity for the detection of VSAs, [23] [24] [25] particularly in the setting of diffuse SAH, 26 and sensitivity is likely to be even poorer when overnight CTA studies are interpreted only by on-call residents. 27 It may therefore be prudent at present to evaluate patients with SAH with DSA studies including three-dimensional DSA runs.
With regard to the management of patients with SAH, our finding of a high incidence of VSAs is very pertinent given that it is well known that endovascular and surgical treatment of VSAs is harder and associated with a higher rate of complications. [28] [29] [30] The management of patients with SAH is therefore perhaps better performed in high-volume centers with experienced physicians adept at treating VSAs, and recent studies by others showing better outcomes for patients with SAH managed at high-volume centers perhaps reflect the implications of our results. [31] [32] [33] With regard to specific techniques for the management of these patients, the high incidence of VSAs also suggests that flow diverters may have a role in the management of selected patients with aneurysmal SAH. Using these devices for treatment of select VSAs can lower the risk of an intraprocedural aneurysm rupture by eliminating the need for entering the VSA with a microwire or microcatheter. 34 35 The use of selfexpanding stents to treat VSAs, particularly blister aneurysms, has also been reported. 36 37 The other observation to emerge from our study is the fact that, in about 10% of patients with multiple aneurysms, it is not the largest aneurysm that is responsible for rupture ( figure 6 ). This finding also has important diagnostic and management implications. It suggests once again that risk factors other than size are important in determining the risk of rupture for intracranial aneurysms. Additionally, it also suggests that, even when risk factors related to lifestyle such as smoking and high blood pressure as well as genetic risk factors are taken into account (both the ruptured smaller aneurysms and the unruptured larger aneurysms found in each patient were subjected to the same lifestyle and genetic risk factors), specific physical hemodynamic stress factors play an important role in determining the risk for aneurysm rupture. These could include factors such as the size of the parent vessel or, in the case of aneurysms that arise at arterial origins, factors such as the angle between branches or differences in the relative size of arterial branches. [38] [39] [40] There is an urgent need to better understand this last set of hemodynamic stress factors through focused retrospective analyses or computational modeling.
In summary, our retrospective analysis of the size and distribution of ruptured aneurysms in patients who presented to our institution with SAH over a 5-year period showed that a significant proportion of these measured ≤3 mm. Moreover, the relative incidence of ruptured aneurysms of ≤3 mm was particularly high in certain locations such as the pericallosal artery and PICA territories. We also found that, in approximately 10% of patients with multiple aneurysms who presented with SAH, the largest aneurysm was not responsible for the hemorrhage. Therefore, in patients presenting with diffuse SAH and multiple aneurysms, treatment should be considered for all the aneurysms irrespective of size, even if some are VSAs. These findings highlight the importance of improving upon the currently available prognostic, diagnostic and therapeutic tools for the management of patients who present with intracranial aneurysms.
With regard to counseling patients who present with unruptured VSAs, our results suggest that, in young patients with VSAs at specific locations such as pericallosal or PICA aneurysms, it may be reasonable to offer treatment, particularly when there is a family history of SAH or a history of smoking. Needless to say, these high-risk elective procedures are probably best performed by very experienced practitioners or their partners under their supervision. 
